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Abstract 17 
 18 
The regulatory mechanisms of yeast Sir2, the founding member of the sirtuin family 19 
involved in oxidative stress and aging, are unknown. Redox signaling controls many 20 
cellular functions, especially under stress situations, with dithiol glutaredoxins (Grxs) 21 
playing an important role. However, monothiol Grxs are not considered to have major 22 
oxidoreductase activity. The present study investigated the redox regulation of yeast 23 
Sir2, together with the role and physiological impact of monothiol Grx3/4 as Sir2 thiol-24 
reductases upon stress. S-glutathionylation of Sir2 upon disulfide stress was 25 
demonstrated both in vitro and in vivo, and decreased Sir2 deacetylase activity. 26 
Physiological levels of nuclear Grx3/4 can reverse the observed post-translational 27 
modification. Grx3/4 interacted with Sir2 and reduced it after stress, thereby restoring 28 
telomeric silencing activity. Using site-directed mutagenesis, key cysteine residues at 29 
the catalytic domain of Sir2 were identified as a target of S-glutathionylation. Mutation 30 
of these residues resulted in cells with increased resistance to disulfide stress. We 31 
provide new mechanistic insights into Grx3/4 regulation of Sir2 by S-32 
deglutathionylation to increase cell resistance to stress. This finding offers news 33 
perspectives on monothiol Grxs in redox signaling, describing Sir2 as a physiological 34 
substrate regulated by S-glutathionylation. These results might have a relevant role in 35 
understanding aging and age-related diseases. 36 
 37 
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List of Abbreviations 39 
AMS, 4-acetamido-4’-maleimidylstilbene-2-2’-disulphonic acid; BPS, 40 
bathophenanthroline disulfonic acid disodium salt hydrate; DEM, diethyl maleate; Di-41 
Eosin-GSSG, Di-Eosin glutathione disulfide; Grx, glutaredoxin; GSH, glutathione 42 
(reduced); NES, nuclear export sequence; PEG-mal, polyethylene glycol–maleimide 43 
derivative. 44 
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1. Introduction 46 
Reactive cysteine residues of proteins are targets of oxidation and such post-47 
translational modification may act as a regulatory mechanism (reviewed in [1]. The 48 
availability of different oxidation states permits the formation of several modifications, 49 
including S-glutathionylation [2], involved in many pathological situations in which 50 
oxidative stress plays an important role [3][4]. Glutaredoxins (Grxs), small proteins with 51 
thiol-reductase activity, use glutathione (GSH) as the electron donor and are found in 52 
all organisms. The GRX system also includes NADPH and glutathione reductase. S. 53 
cerevisiae has eight Grxs (Grx1-8), present in different cellular compartments and 54 
divided in two subfamilies: dithiolic and monothiolic, according to the presence of one 55 
or two cysteines in their active site [5][6][7][8][9]. The majority of thiol-disulfide 56 
exchange reactions rely on cysteinyl residues in a Cys-X-X-Cys active site motif found 57 
in dithiol Grx (and also in thioredoxins). They can reduce protein disulfides using a so-58 
called dithiol mechanism [10][11][12]. Grx also catalyze the reduction of protein 59 
cysteinyl-glutathione mixed disulfides (deglutathionylation) using a so-called monothiol 60 
mechanism that only requires the N-terminal active site cysteinyl residue [13][14][15]. 61 
Because monothiol Grxs (Cys-X-X-Ser) are inactive in standard GSH:disulfide 62 
oxidoreductase assays, it is assumed that they rarely possess oxidoreductase activity. 63 
S. cerevisiae has three monothiolic Grxs (Grx3, Grx4 and Grx5), characterized by a 64 
conserved CGFS active-site motif [16][18]. Grx5 is localized to the mitochondrial 65 
matrix, where it plays a role in Fe–S cluster biogenesis [19]. Grx3 and Grx4 are the 66 
only yeast Grxs with a nuclear location [6], although they are also present in the 67 
cytosol [17]. Like GRX1 and GRX2, both monothiol GRX3 and GRX4 are Yap1-68 
independent [7], in contrast to other Yap1-dependent genes involved in the GSH 69 
system (GSH1, GSH2, GLR1, GPX1 and GPX2) [18]. To date, they have been related 70 
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with iron homeostasis, being involved in both the regulation of Aft1[17], a transcription 71 
factor that controls iron entry, and intracellular iron sensing and trafficking [19]. They 72 
form homodimers (and also heterodimeric complexes with Fra2) to assemble a [2Fe-73 
2S] cluster that could act as a signal controlling iron regulon [19][20][21][22]. The 74 
human homolog of yeast Grx3/4, termed hGrx3 or PICOT seems to be critical for Fe-S 75 
cluster biogenesis [23], translocates to the nucleus upon oxidative stress and is 76 
involved in oxidative stress response [24][25]. However, the precise function of hGrx3 77 
under oxidative stress remains to be fully elucidated. Mammalian Grx3 rescues growth 78 
defects, inhibits iron accumulation and suppresses sensitivity to exogenous oxidants of 79 
Δgrx3Δgrx4 yeast cells [26]. 80 
Sir2 in S. cerevisiae was the first described NAD+-dependent histone 81 
deacetylase and is a necessary component for the transcriptional repression of the 82 
silent mating type loci, HML and HMR [27]. Additionally, it is involved in silencing 83 
telomeres and ribosomal DNA, maintaining genome integrity, and aging [28]. SirT1, 84 
the mammalian ortholog to yeast Sir2, deacetylates substrates other than histones, 85 
including the forkhead transcription factors, FoxO. Directly or indirectly SirT1 regulates 86 
insulin secretion, adiponectin production, gluconeogenesis, circadian rhythms, and 87 
oxidative stress, as reviewed in [29]. SirT1 has also been involved in different 88 
pathologies, including cancer and neurodegenerative diseases [30]. In mammals, the 89 
role of SirT1 in antioxidant defense has been described as dependent on FoxO3a 90 
deacetylation [31][32]. Yeast cells have four forkhead transcription factors, three of 91 
which (Hcm1, Fkh1, Fkh2) have been related to Sir2 upon oxidative stress [33][34][35]. 92 
In yeast, up-regulation of Sir2 has been observed upon exogenous oxidative stress 93 
[36][38] or endogenously generated stress [37]. Thus, the relationship of sirtuins with 94 
stress resistance is well known. In this context, it has been described that the cellular 95 
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redox status modulates SirT1 activity [38][39]. In mammals [40][41] and zebrafish [42], 96 
sirtuin 1 has been described to be glutathionylated. Although key cysteine residues 97 
involved in these processes have been identified, none of them is conserved in yeast 98 
Sir2. In fact, very little is known about regulatory mechanisms of yeast Sir2 activity and 99 
how such mechanisms affect stress resistance. 100 
Since Grx3/4 are inactive in standard disulfide oxidoreductase assays, and are 101 
the only Grxs or thioredoxins present in the S. cerevisiae nucleus [5], we analyzed 102 
whether they could act as physiological regulators for redox signaling through S-103 
deglutathionylation in this compartment. The present study demonstrated that 104 
oxidative modification of Sir2 upon disulfide stress decreases its deacetylase activity 105 
both in vitro and in vivo. Sir2 oxidation involved S-glutathionylation of key cysteine 106 
residues. Such post-transcriptional modification was reversed by nuclear Grxs (Grx3 107 
and Grx4), acting as thiol-reductases. The physiologic function of monothiol Grx3/4 in 108 
reducing Sir2 was described, highlighting their physiological relevance in resistance to 109 
disulfide stress. 110 
  111 
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2. Materials and methods 112 
 113 
2.1. Yeast strains, genetic methods and growth conditions 114 
Yeast strains and plasmids used in this study are listed in Table S1 and S2, 115 
respectively. Standard protocols were used for DNA manipulations and transformation 116 
of yeast cells. Single null mutants were generated using the short-flanking homology 117 
approach after PCR amplification of the natMX4 cassette and selection for resistance 118 
for nourseothricin [43]. Disruptions were confirmed by PCR analysis. Plasmids 119 
containing yeast GST-Sir2 fusion protein (pDM111a and pDM360 for WT-Sir2 and 120 
Sir2-H364Y, respectively) were kindly provided by Dr. Moazed at Harvard Medical 121 
School, Boston [44]. Site-directed mutagenesis of cysteine residues of Sir2 was 122 
performed using the QuikChange mutagenesis kit (Stratagene). Plasmids containing 123 
mutant Sir2 proteins were pNV363 (Sir2-C363S), pNV372 (Sir2-C372S), pNV464 124 
(Sir2-C464S), pNV469 (Sir2-C469S) and pNV513 (Sir2-C513S). Mutations were 125 
confirmed by DNA sequencing. To generate Sir2 Cys mutant strains, SIR2 gene plus 126 
promotor and downstream regions were amplified by PCR from the WT strain and 127 
cloned into the SalI/EcoRI sites in the polylinker of the LEU2 vector YIplac128 [45]. 128 
Site-directed mutagenesis of Cys codons into Ser codons was done using the ExSite 129 
method [46]. Mutations were confirmed by DNA sequencing. Plasmids were integrated 130 
at the LEU2 locus of the Δsir2::natMX4 strain after linearization by AflII digestion. 131 
Transformants were checked by PCR and Western blot. Cells were grown at 30°C by 132 
incubation in a rotary shaker using YPD medium (1% yeast extract, 2% peptone, 2% 133 
glucose) or, when indicated, SC medium (0.67% yeast nitrogen base, 2% glucose plus 134 
dropout mixture, and auxotrophic requirements). Specific supplements were omitted 135 
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for selection of the corresponding plasmid-carrying cells. Diamide, diethyl maleate 136 
(DEM) and bathophenanthroline disulfonic acid disodium salt hydrate (BPS) were 137 
purchased from Sigma. Diamide was dissolved in water and added to the culture at 138 
the indicated concentration. BPS was added to the culture media at the indicated 139 
concentrations. After 2 days of BPS addition, media was used to grow the cells. 140 
 141 
2.2. Expression and purification of recombinant proteins 142 
E. coli DH5α cells were transformed with plasmids containing WT and mutant GST-143 
Sir2 proteins using standard protocols. Transformed bacterial cells were induced with 144 
1mM IPTG (Sigma) for 4h at 30ºC, spun down, and cell pellet was incubated in lysis 145 
buffer (20 mM Tris pH 8.0, 200 mM NaCl, 1 mM EDTA, 1 mM EGTA) containing Cell 146 
Lytic Express (Sigma) and protease inhibitors for 20 min at room temperature. After 147 
incubation, 10 mM DTT and 1% NP-40 were added to the cell extract, and increased 148 
the NaCl concentration up to 350 mM. Lysed bacteria were sonicated and spun down 149 
at 35,000 rpm at 4ºC for 1h. The supernatant was collected and GST-Sir2 was purified 150 
using Glutathione-Sepharose (Amersham). Finally, Sir2 was digested from GST with 151 
thrombin (Sigma) for 2h at room temperature. Sir2 was washed with PBS, eluted from 152 
the column, concentrated using 50K cutoff centrifugal filters (Millipore) and quantified 153 
using the Bradford method. Plasmids containing Grx3 (pET21a-Grx3), Grx4 (pET21a-154 
Grx4) and a mutant Grx3 lacking the active site cysteine 211 –Grx3-C211- (pET21a-155 
Grx3-C176S) were kindly provided by Dr. Outten (University of South Carolina, USA). 156 
Since Grx3 was cloned from the second start site (encoding Met36) to the stop codon, 157 
cysteine 211 was originally named C176 [20]. Recombinant Grx3, Grx4, and Grx3-158 
C211S were purified as described [47]. 159 
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 160 
2.3. Sir2 activity assays 161 
In vitro Sir2 activity was assayed on a 96-well plate using a deacetylase fluorometric 162 
activity assay kit (Fluor de Lys assay, Enzo life Sciences, ref. BML-AK500). Briefly, 163 
purified Sir2 (5 µg - 1.5 µM final concentration) was untreated or treated with the 164 
oxidizing agent at the indicated concentrations for 10 min. When H2O2 was used, 5 µl 165 
of 0.4 units/µl of catalase solution (2 units) was added after incubation to stop reaction. 166 
To study reversibility of the oxidation, when indicated, 25 mM DTT or 50 mM GSH was 167 
added, allowing reduction for 10 min. To this point, a two-step assay was performed 168 
according to the manufacturer’s instructions. In the first step, Fluor de Lys® substrate, 169 
were diluted in assay buffer (50 mM Tris-HCl pH 8.0, 137 mM NaCl, 2.7 mM KCl, 1mM 170 
MgCl2) and incubated with purified recombinant Sir2 (untreated or treated as indicated, 171 
with all components diluted in assay buffer). Deacetylase reaction was allowed to 172 
proceed for 30 min at 30ºC.In the second step, Fluor de Lys® developer was added to 173 
stop the reaction and incubated for 15 min at 25ºC. Fluorescence of the generated 174 
fluorophore was read in a microtiter-plate reading fluorimeter with λex= 350-380 nm 175 
and λem= 440-480 nm. Background fluorescence levels in a well lacking Sir2 were 176 
used as baseline. Lack of NAD+ resulted in no deacetylase activity. 177 
In vivo Sir2 silencing activity was performed by quantifying transcriptional 178 
silencing at the naturally occurring telomere-linked gene, YFR057W [48]. Sir2-179 
dependent YFR057W gene expression was measured by quantitative real-time PCR 180 
as described below.  181 
 182 
2.4. Gene expression analysis 183 
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Quantitative real-time PCRs were performed using the TaqMan System (Applied 184 
Biosystems). Total RNA was extracted using the RNeasy kit (Qiagen, ref. 74104) 185 
according to manufacturer instructions and 1 μg total RNA from each sample was 186 
converted into cDNA, with 50 ng utilized for each individual real-time PCR assay in a 187 
48-cycle, three-step PCR reaction using the iCycler (Bio-Rad). Amplification was 188 
performed using the TaqMan Universal PCR Master Mix kit (Applied Biosystems, Cat. 189 
4304437). Quantification was completed using iCycler IQ Real-Time detection system 190 
software. Actin (ACT1) was used as an internal control. Relative expression ratios 191 
were calculated on the basis of delta Cq values with efficiency correction based on 192 
multiple samples. Data represent three technical repeats of each analysis from at least 193 
three different experiments. 194 
 195 
2.5. Deglutathionylation assay of Sir2 by Grx3 and Grx4 196 
Fluorescent Di-Eosin-GSSG, a kind gift of Drs. Berndt and Hollmgren, was prepared 197 
as previously described [49]. Purified Sir2 was reduced by incubation with 10 mM DTT 198 
for 30 min at 25ºC, followed by desalting with a PD Spin-Trap G-25 in 50 mM sodium 199 
phosphate buffer, pH 6.5. Reduced Sir2 was incubated with 4-fold molar excess of Di-200 
Eosin-GSSG for 30 min at 25ºC with subsequent desalting in 50 mM sodium 201 
phosphate buffer, pH 6.5. Glutathionylated Sir2 (5 µM) was incubated at 25ºC from 0 202 
to 60 min with purified Grx3 or Grx4 (previously reduced with 10 mM DTT plus 10 mM 203 
tris(2-carboxyethyl) phosphine) for 30 min at 25ºC and desalted with a PD Spin-Trap 204 
G-25 column in 50 mM sodium phosphate buffer, pH 6.5. A 2.5x molar excess of Grx3 205 
or Grx4 was used. Loading buffer containing 50 mM iodoacetamide was added, 206 
proteins were separated by non-reducing SDS-PAGE and fluorescent bands were 207 
11 
 
recorded (λex=525nm and λem=545 nm) to obtain glutathionylated Sir2. To quantify 208 
total Sir2, Western blot anti-Sir2 was performed from samples obtained at each time 209 
point. Both fluorescent and anti-Sir2 Western blot bands were quantified. 210 
 211 
2.6. Cysteine derivatization with AMS 212 
The redox status of Sir2 was determined by the thiol-binding maleimide compound 213 
AMS (Life technologies). Maleimido derivatives selectively react with the free reactive 214 
cysteine thiols, but not with oxidized thiols. Cell cultures (2.5 ODs at OD600=0.5) were 215 
untreated or treated with diamide and after the indicated incubation time, were acid-216 
quenched with 20% trichloroacetic acid (TCA). Cells were pelleted by centrifugation at 217 
10,000 rpm for 5 min at 4ºC. Cells were broken by vortexing with a Mini-Bead beater 218 
cell disrupter (Biospec) in cold conditions with 100 µl of 12.5% TCA and glass beads, 219 
followed by centrifugation at 10,000 rpm for 5 min at 4ºC. The pellet was washed twice 220 
with 100 µl cold acetone, and resuspended for 1 h at 30ºC with 50 µl of 0.67 M Tris-221 
HCl, pH 8.0 buffer containing 1% SDS, 1mM EDTA and 15 mM AMS. Loading buffer 222 
containing DTT was added, samples were separated by SDS-PAGE and Western blot 223 
anti-Sir2 was performed. In recovery assays, after treatment with diamide, cells were 224 
washed with YPD and new YPD was added, allowing them to recover for 1 or 2h. 225 
Finally, cells were collected with 20% TCA and processed as described above. 226 
 227 
2.7. Other analyses 228 
Unless otherwise indicated, cell extracts were obtained as previously described [7], 229 
separated in SDS-polyacrylamide gels, and transferred to polyvinylidene difluoride 230 
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membranes. Western blot analysis was performed by standard methods. The following 231 
antibodies were used: anti-Sir2 (Santa Cruz Biotechnology), anti-HA (Roche), anti-232 
GSH (Abcam), and anti-Grx3/Grx4 (kindly provided by Dr. Roland Lill of Marburg 233 
University). Images were acquired in a ChemiDoc XRS System (Bio-Rad) and 234 
analyzed with Quantity One software (Bio-Rad). To detect interaction between Sir2 235 
and Grx3/Grx4, coimmunoprecipitation experiments were performed [33]. In vivo 236 
glutathionylation of Sir2 was analyzed by immunoprecipitation as described [33], but 237 
50 mM N-ethylmaleimide were added to the lysis buffer and non-reducing SDS-PAGE 238 
followed by Western blot anti-GSH were performed. To measure resistance to 239 
oxidative stress, both cell growth (determined in a Microplate Spectrophotometer 240 
PowerWave XS –Biotek- apparatus) and viability were determined under control 241 
conditions or with the stressing agent added to the media at the indicated 242 
concentrations. Total iron quantitation from yeast cells was performed following the 243 
method previously described [50]. Data are presented as means ± SD from at least 244 
three independent experiments. Statistical analysis was performed using two-tailed 245 
Student t test (*P<0.05; **P<0.01; ***P<0.005).  246 
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3. Results 247 
 248 
3.1. S-glutathionylation of Sir2 decreases its deacetylase activity and can 249 
be reduced by Grx3 and Grx4 in vitro 250 
To study the role of oxidative stress in the regulation of Sir2 activity, recombinant WT 251 
Sir2 was purified from E. coli (Supplementary Fig.S1A) and its deacetylase activity 252 
measured upon oxidative stress. We used H2O2 and diamide, an oxidizing agent highly 253 
selective toward free thiols (Supplementary Fig.S1B). Diamide generates S-254 
glutathionylation of proteins and also stimulates the formation of intra- and inter-255 
molecular disulfide bridges, including GSH oxidation to GSSG [51]. While the reduced 256 
form of Sir2 showed the highest deacetylase activity (Fig. 1A), oxidation either with 257 
H2O2 (Fig. 1B), or diamide (Fig. 1C) inactivated the sirtuin in a concentration-258 
dependent manner. Oxidation by diamide was highly reversible by reducing agents like 259 
DTT or GSH, while H2O2 oxidation was only partially reversed. As a negative control, 260 
purified dead-mutant Sir2 H364Y showed no activity in the Fluor de Lys assay (Fig. 261 
1A). Western blot anti-GSH revealed that Sir2 oxidation by diamide resulted in its S-262 
glutathionylation (Fig. 1D). To quantify cysteine oxidation under these conditions, 263 
purified Sir2 was treated with different concentrations of diamide and the number of 264 
oxidized cysteines detected using the polyethylene glycol–maleimide derivative 265 
compound (PEG-mal) as described [52]. Diamide-oxidized Sir2 was first treated with 266 
NEM to block all reduced cysteines, oxidized cysteines were reduced with DTT and 267 
finally PEG-mal was added. PEG-mal reacts with free thiols and alkylates cysteine 268 
residues increasing the MW by ~5 kDa. The number of PEG-mal bound to Sir2 269 
indicates the number of cysteines oxidized by diamide. By this in vitro assay, one can 270 
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quantify the number of cysteines oxidized with diamide by the change in the apparent 271 
mass when separated by SDS-PAGE. As can be seen (Supplementary Fig.S1C), at 272 
150 µM diamide/GSH almost no reduced Sir2 was detected and Sir2 with 1, 2 and 3 273 
oxidized cysteines predominate. 274 
To decipher whether monothiol Grx3 and Grx4 are able to deglutathionylate 275 
Sir2, in vitro assays were performed. Yeast Grx3 and Grx4 were both purified as 276 
described in Materials and Methods (Supplementary Fig. S1D). Fluorescent Di-Eosin 277 
glutathione disulfide (Di-Eosin-GSSG) was incubated with prereduced Sir2 to obtain S-278 
glutathionylated Sir2 (Supplementary Fig.S1E) and Grx3 or Grx4 was added (2.5x 279 
molar concentration) (Fig. 1E). Quantification of both S-glutathionylated Sir2 and total 280 
Sir2 showed that both Grxs were able to remove GSH molecules from Sir2 in a time-281 
dependent manner, with around 50% reduction after 60 min (Fig. 1F). Such thiol-282 
reductase capacity was dependent on catalytic cysteine residues of Grxs, since i) 283 
neither Grx3 nor Grx4, previously treated with iodoacetamide (Fig.1G), and ii) a mutant 284 
Grx3 lacking the catalytic cysteine residue (Fig. 1H), were able to reduce S-285 
glutathionylated Sir2. Using the same methodology, physiological mM concentrations 286 
of GSH were not able to reduce glutathionylated Sir2 (Fig.1I). 287 
 288 
3.2. Disulfide stress promotes in vivo Sir2 oxidation, which is exacerbated 289 
in the absence of Grx3/4 290 
To see whether thiol oxidation of Sir2 also occurs in vivo, cultures of WT strain were 291 
treated with diamide at 4 and 5 mM for 60 min. The cellular oxidation state was 292 
preserved by rapidly treating cells with TCA, which protonates free thiol groups. We 293 
monitored thiol status by assessing mobility retardation due to thiol-alkylation with 4-294 
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acetamido-4’-maleimidylstilbene-2-2’-disulphonic acid (AMS). AMS alkylates cysteine 295 
residues in a free-SH, but not in an oxidized state, increasing their relative molecular 296 
mass by 534 Da per each AMS bound. When AMS-labeled proteins are separated by 297 
SDS-PAGE, the number of bound maleimide compounds provides an indication of the 298 
status of individual thiols in the protein, depending on the distance migrated on the gel-299 
electrophoresis. The mobility of Sir2 from WT cells was decreased following treatment 300 
with AMS, indicating that Sir2 was mainly present in the reduced form. As shown in 301 
Fig. 2A, addition of 5 mM diamide shifted the Sir2 redox balance to an oxidized state in 302 
agreement with the S-glutathionylation observed in vitro. Since Sir2 has 11 cysteine 303 
residues and there were intermediate oxidized states, several bands were detected. 304 
To analyze the role of nuclear Grx3/4 in the redox state of Sir2, the same experiment 305 
was performed in cells lacking one or both of the monothiol Grxs. In Δgrx3Δgrx4 cells 306 
upon diamide stress, increased oxidation was detected both at 4 and 5 mM diamide, 307 
compared to WT cells. Thus, lack of both monothiol Grxs increased Sir2 oxidation, and 308 
this difference was more apparent upon disulfide stress. Intermediate results were 309 
observed in single Δgrx3 or Δgrx4 mutants. Lack of either cytosolic dithiol Grx2 or 310 
mitochondrial monothiol Grx5 had no effect on Sir2 oxidation, implying that nuclear 311 
Grx3 and Grx4 have a preponderant regulatory role in the redox state of Sir2 312 
(Supplementary Fig. S2A). The observation that Sir2 from Δgrx3Δgrx4 cells seemed 313 
partially oxidized under control conditions may explain the instability of Sir2 when no 314 
TCA was added, as observed in cell extracts obtained from this double mutant strain 315 
(Supplementary Fig.S2B). Sir2 transcription was unchanged in WT and Δgrx3Δgrx4 316 
cells (Supplementary Fig.S2C). 317 
Total iron was measured in all mutant strains (Fig. 2B) and, in agreement with 318 
published results [17], Δgrx3Δgrx4 cells showed iron accumulation. Since iron is a 319 
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well-known source of oxidative stress, one might argue that increased Sir2 oxidation in 320 
Δgrx3Δgrx4 cells could be due to this metal accumulation. The detection of similar 321 
levels of iron in the Δgrx5 mutant (Fig. 2B), but not of increased Sir2 oxidation upon 322 
stress (Supplementary Fig. S2A), seemed to rule out this possibility. In Δgrx5 cells, 323 
however, iron accumulates -at least in part- in the mitochondria [53]. To finally 324 
decipher whether increased oxidation of Sir2 in Δgrx3Δgrx4 cells was due to lack of 325 
these Grxs or to the stress generated by iron accumulation, BPS, an iron-chelating 326 
agent, was used. BPS was added to the medium at different concentrations in order to 327 
decrease intracellular iron of Δgrx3Δgrx4 cells to levels similar to WT cells (Fig. 2C). 328 
Upon diamide stress, no differences in Sir2 oxidation were detected when Δgrx3Δgrx4 329 
cultures were grown with or without 70 µM BPS (Fig. 2D). Therefore, we concluded 330 
that iron accumulation in Δgrx3Δgrx4 cells was not responsible for the increased thiol 331 
oxidation of Sir2 upon disulfide stress and suggested a preponderant role of these 332 
Grxs in maintenance of the reduced state of Sir2. The amount of diamide used in 333 
these experiments was not lethal in any strain (Supplementary Fig. S2D). 334 
To ascertain whether such oxidation affected the in vivo activity of Sir2, we 335 
analyzed silencing at the telomeric locus. Transcription of a naturally occurring 336 
telomere-linked gene, YFR057W [54] was assayed by quantitative real-time PCR. An 337 
increase in YFR057W mRNA levels in Δsir2 cells or in WT cells upon addition of 338 
nicotinamide (a Sir2 inhibitor) indicated that silencing of this gene was strictly Sir2-339 
dependent (Supplementary Fig. S3A), in accordance with published results [48]. Under 340 
control conditions, telomeric silencing in Δgrx3Δgrx4 cells (with or without BPS added 341 
to the medium) was higher than in WT cells (Supplementary Fig.S3B). When WT and 342 
Δgrx3Δgrx4 cells were treated with either 4 or 5 mM diamide, silencing decreased in a 343 
time-dependent manner (Fig. 2E). However, loss of activity in diamide-treated cells 344 
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was statistically higher in the double mutant strain, compared to WT. Again, iron 345 
accumulation in this strain did not affect Sir2 activity: the same experiment performed 346 
with or without BPS showed no statistical differences (Fig. 2E). A similar experiment 347 
was performed using H2O2 as stressing agent. Upon treatment with 0.5 mM H2O2 for 348 
60 min, silencing of YFR057W in WT and Δgrx3Δgrx4 cells decreased similarly in both 349 
strains (Supplementary Fig. S4A). To demonstrate in vivo S-glutathionylation upon 350 
diamide treatment, Sir2 was immunoprecipitated from WT cultures under control and 351 
stressed conditions. As shown (Fig. 2F), Western blot anti-GSH from 352 
immunoprecipitated Sir2 showed a clear band in diamide-treated cells. No 353 
glutathionylation was detected under unstressed conditions. Δsir2 cells, used as a 354 
control, showed no glutathionylation under any condition. This experiment could not be 355 
performed in Δgrx3Δgrx4 cells because, as described above, Sir2 was highly unstable 356 
in cell extract and degraded almost completely. 357 
 358 
3.3 In vivo deglutathionylation of Sir2 by Grx3/4 restored deacetylase 359 
activity 360 
To analyze in vivo the thiol-reductase activity of these two nuclear Grxs on Sir2 361 
reduction after oxidation, recovery experiments were performed. After treatment for 60 362 
min with 5 mM diamide, the oxidizing agent was removed by washing the cells, adding 363 
fresh media and allowing recovery for 60 or 120 min. Thiol status was analyzed by 364 
mobility retardation with AMS (Fig. 3A). In the presence of both Grx3 and Grx4, Sir2 365 
was partially reduced (decreased mobility in the SDS-PAGE) after 60 min recovery, 366 
compared with no recovery, and this reduction increased after 120 min. In the double 367 
mutant Δgrx3Δgrx4, no reduction was observed. Single Grx mutants presented an 368 
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intermediate phenotype, although Δgrx3 cells showed an impairment of Sir2 reduction, 369 
compared to Δgrx4. The same experiment was performed to analyze silencing of the 370 
telomeric YFR057W gene (Fig. 3B). After oxidation with diamide for 60 min, removal of 371 
the oxidizing agent allowed partial recovery of Sir2 silencing activity in the WT strain. 372 
In Δgrx3Δgrx4 cells, grown in YPD plus BPS to normalize iron levels, a further strong 373 
decrease in silencing occurred at 60 and 120 min after diamide removal (Fig. 3B). 374 
Lack of full recovery of telomeric silencing in WT cells, as well as further inactivation in 375 
Δgrx3Δgrx4 cells, was probably due to intracellular diamide that remained after the 376 
washing step. No recovery was observed when WT and Δgrx3Δgrx4 cultures were 377 
treated with 0.5 mM H2O2 for 60 min and cells were washed with new media 378 
(Supplementary Fig S4B). To study in vivo deglutathionylation after oxidation, Sir2 was 379 
immunoprecipitated from WT cultures treated with diamide for 60 min and allowing 380 
recovery for 120 min once the oxidizing agent was removed. S-glutathionylation was 381 
assessed by Western blot anti-GSH. Sir2 was also immunoprecipitated from untreated 382 
and diamide treated cells, as a negative and positive control, respectively (Fig. 3C). As 383 
shown, S-glutathionylation was completely removed after recovery. To study whether 384 
thioredoxins may also have a role on Sir2 regulation, telomeric silencing activity was 385 
analyzed in the double mutant Δtrx1Δtrx2 upon diamide stress and after 2h recovery. 386 
As shown, in contrast to Δgrx3Δgrx4, Δtrx1Δtrx2 cells showed no difference in 387 
silencing when compared to WT cells (Supplementary Fig. S4C). This result supports 388 
the role of monothiol glutaredoxins as the main physiological regulators of Sir2 upon 389 
disulfide stress. 390 
 391 
3.4. Sir2 interacts with Grx3 and Grx4 in vivo 392 
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The effects described above require a physical interaction between Sir2 and 393 
Grx3/Grx4. Direct binding of Sir2 with both Grxs was demonstrated by co-394 
immunoprecipitation analysis. Grx3 and Grx4 were clearly detected in Sir2 395 
immunopellets from the overexpressor strains tetGRX3-HA and tetGRX4-HA (Fig. 4A). 396 
Levels of Grx4-HA in the immunoprecipitate were higher than those of Grx3-HA, in 397 
accordance with the presence of higher expression of Grx4 in tetGRX4-HA strain 398 
compared to the Grx3 expression in tetGRX3-HA cells. To validate this interaction 399 
when physiological levels of these Grxs were present, an antibody able to detect both 400 
Grx3 and Grx4 was used (Fig. 4B). In WT cells, immunoprecipitation with anti-Sir2 401 
antibodies showed that both Grx3 and Grx4 bind to Sir2. In addition, since oxidative 402 
stress may play a role in such interaction, the same experiment was performed in cells 403 
treated with 5 mM diamide (Fig. 4C). Although levels of Grx3 and Grx4 were similar in 404 
WT cells, Grx4 was present in higher amounts in the immunoprecipitate, indicative of 405 
either stronger or increased binding to Sir2 (or both), compared to Grx3. 406 
 407 
3.5. Key cysteine residues of Sir2 are involved in S-glutathionylation 408 
Sir2 has 11 cysteine residues in its primary sequence. To understand their role, we 409 
selected 5 cysteine residues we expected would participate in redox regulation (Fig. 410 
5A): i) both C363 (next to the catalytic His364) and C513 (located in the catalytic 411 
pocket and involved in substrate binding) were selected having in mind published data 412 
on zebrafish SirT1 [42] were a cysteine residue located at the catalytic pocked was 413 
described to be glutathionylated and reduced by Grx2, ii) C464 and C469 are located 414 
in a putative nuclear export sequence (NES) sequence. Like it was described for the 415 
yeast transcription factor Yap1 [55], such cysteines may be redox targeted, and iii) 416 
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C372, one of the four Cys involved in Zn-binding, was selected taking under 417 
consideration a putative regulatory role of Zn, as it has been described for proteins like 418 
mammalian Keap1 [56] or bacterial Hsp33 [57]. We used site-directed mutagenesis to 419 
obtain mutant recombinant proteins in which one cysteine residue was replaced by 420 
serine. We purified these 5 mutant recombinant proteins (Supplementary Fig.S5A) and 421 
performed activity assays (Fig. 5B). Both C363S and C372S mutations resulted in 422 
catalytically inactive proteins. Adding DTT or GSH to these mutant proteins had no 423 
effect on Sir2 activity (Supplementary Fig. S5B). In fact, lack of C372, which 424 
participates in the coordination of a structurally relevant Zn2+ ion, resulted in a highly 425 
unstable protein whose activity could not be rescued by addition of Zn2+ 426 
(Supplementary Fig. S5C). Compared to WT, in vitro deacetylase activity of C464S, 427 
C469S and C513S mutant proteins decreased to 76%, 50% and 40%, respectively. 428 
When these three mutant proteins were submitted to oxidative treatment with diamide, 429 
inactivation was barely detectable, compared to that observed in WT (Fig. 5C). 430 
Western blot anti-GSH performed after diamide addition showed that glutathionylation 431 
could be detected to some extent in all mutants, although it was almost undetectable 432 
in C513S (Fig. 5D). Quantification of glutathionylated Sir2 and total Sir2 in cells treated 433 
with diamide showed that, although all mutants were less glutathionylated, C363S, 434 
C469S and especially C513S had the lowest levels (Fig. 5E). PEG-mal used to 435 
analyze the number of oxidized cysteine residues (Supplementary Fig. S5D), showed 436 
less cysteine oxidation in C469S and C513S mutants when compared to WT. C464S 437 
presented a pattern of cysteine oxidation similar to WT. In contrast, C363S and C372S 438 
presented a high oxidation pattern, probably due to the in vitro instability of these 439 
mutant proteins. 440 
 441 
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3.6. Oxidation of key cysteines is involved in cell susceptibility after 442 
disulfide stress 443 
To analyze the physiological relevance of the redox regulation of key Sir2 cysteine 444 
residues, several mutant strains were constructed in which a cysteine residue of Sir2 445 
was mutated to serine. Given that the in vitro assays showed the lowest 446 
glutathionylation levels upon diamide stress in the recombinant Sir2 proteins C363S, 447 
C469S and C513S (Fig. 5D and E), the corresponding Sir2 mutant strains were 448 
constructed. Telomeric silencing activity was analyzed under control conditions. Only 449 
C363S cells showed impaired silencing activity under control conditions compared to 450 
WT strain. Such mild decreased activity in this mutant strain was different from the 451 
almost full inactivation observed in vitro with the Sir2-C363S recombinant protein. This 452 
discrepancy may be explained because recombinant Sir2-C363S is quite unstable in 453 
vitro, however in vivo, this mutant protein is present in similar amounts to that found in 454 
WT cells (Supplementary Fig. S6A). Diamide treatment resulted in a 2- to 3-fold 455 
reduction in telomeric silencing in all three mutant strains, compared to a 5-fold 456 
reduction in the WT strain (Fig. 6A). As this difference might have a role on stress 457 
resistance, cell growth and viability were measured upon disulfide stress. Cell growth 458 
showed that although no differences were observed under control conditions in YPD, 459 
all three mutant (C363S, C469S and C513S) strains showed an improved response 460 
(shorter lag time) upon diamide treatment compared to WT (Fig. 6B). Similar results 461 
were obtained when another thiol stressing compound, DEM, which rapidly depletes 462 
GSH, was added to the media instead of diamide (Fig. 6B). Increased survival of 463 
mutant cells compared to WT was also observed when cells were plated in media 464 
containing diamide or DEM (Fig. 6C). No growth differences were detected when H2O2 465 
was used as stressing agent (Supplementary Fig. S6B). Collectively, our findings 466 
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suggest that cell susceptibility to disulfide stresses requires S-glutathionylation of key 467 
Sir2 cysteines that can be reduced by Grx3 or Grx4. 468 
 469 
  470 
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4. Discussion 471 
 472 
Yeast Sir2 was the founding member of the sirtuin family, which has been 473 
related to aging and oxidative stress. Nevertheless, despite the huge amount of 474 
information available, its regulatory mechanisms remained mostly unknown. To our 475 
knowledge, we showed for the first time that yeast Sir2 is S-glutathionylated upon 476 
disulfide stress, reducing its catalytic activity, and have described a new role for 477 
monothiol Grx3 and Grx4 as physiological regulators of Sir2 by reversible S-478 
deglutathionylation. We demonstrated by in vitro and in vivo assays that both Grx3 and 479 
Grx4 were able to deglutathionylate Sir2 in a time-dependent manner, a role that 480 
seems to be independent of cytoplasmic iron trafficking and metabolism. Importantly, 481 
all experiments in vivo were performed with endogenous levels of Grx3, Grx4 and Sir2. 482 
The effect of a thiol-specific agent like diamide was rapidly impaired deacetylase 483 
activity that can be almost completely reverted by reducing compounds. Western blot 484 
anti-GSH demonstrated that purified Sir2 was indeed S-glutathionylated upon stress; 485 
this modification was also observed when the sirtuin was treated with Di-Eosin-GSSG. 486 
More importantly, Sir2 glutathionylation was observed in vivo upon disulfide stress 487 
and, after the stress, the presence of Grx3 and Grx4 was required to recover its 488 
silencing activity. Grx3 and Grx4 were indeed able to deglutathionylate Sir2 both in 489 
vivo and in vitro. In agreement, tridimensional models of both Grx3 and Grx4 using the 490 
Grx domain of human Grx3 [58] display a positively charged surface, which may be 491 
beneficial for the interaction with the negatively charged glutathione (Supplementary 492 
Fig. S6), as described for human Grx1/2 [59][60]. The fact that, after 2h recovery, 493 
complete deglutathionylation was detected (Fig. 3C), but Sir2 was not fully reduced 494 
(Fig. 3A) suggests that other thiol oxidation states, which would not be reduced by 495 
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Grx3/4, coexist with glutathionylated Sir2 upon diamide stress. Such oxidized forms 496 
would probably be intramolecular disulfide bonds (Supplementary Fig. S1C). We never 497 
detected dimers, trimers nor multimers of Sir2 when cells were treated with diamide, 498 
suggesting that intermolecular disulfide bridges probably do not take place in vivo. 499 
Other oxidation states like sulfenic, sulfinic or sulfonic acid, although possible, are 500 
unlikely to occur upon diamide stress. Under control conditions, Sir2 from Δgrx3Δgrx4 501 
cells was partially oxidized, but showed an increased telomeric silencing activity 502 
compared to WT cells. It is possible that oxidation of one or more cysteine residues, 503 
probably different from glutathionylation, could increase Sir2 silencing activity. 504 
Sir2 was also inactivated by H2O2, but reversion by reducing agents like DTT or 505 
GSH was only partial. In vitro, significant loss of Sir2 activity was only detected at a 506 
concentration of 2 mM H2O2, which is very high compared to other proteins described 507 
to sabe affected by this compound [61][62]. H2O2 also reduced Sir2 activity in vivo, but 508 
no difference between WT and Δgrx3Δgrx4 cells was detected. Moreover, and 509 
contrary to what happens when treated with diamide, Grx3/Grx4 were unable to 510 
reduce Sir2 oxidized in vivo with H2O2. The more likely explanation involves oxidation 511 
of residues other than cysteines, formation of disulfide bonds, and/or oxidized forms of 512 
cysteine residues (sulfenic, sulfinic or sulfonic acid).  513 
Mouse SirT1 was recently described to be inactivated by S-glutathionylation 514 
upon oxidative stress and such oxidation was reduced by overexpression of dithiol 515 
Grx1 [40]. A knock-down of dithiol Grx2 in zebrafish revealed inability to 516 
deglutathionylate SirT1 and a disordered blood vessel network [42]. In yeast, Grx3 and 517 
Grx4 are the only thiol-reductases present in the nucleus of S. cerevisiae [6][5], and 518 
contrary to SirT1 from higher eukaryotes, yeast Sir2 seem to be strictly located in this 519 
compartment. Although in silico studies have shown a putative NES in the primary 520 
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sequence, experimental results have never proved a cytosolic location. In fact, GFP-521 
labeled Sir2 appeared to be strictly nuclear, both in control and stressing conditions 522 
(not shown). 523 
According to the crystal structure of Sir2 [61], several of the 11 cysteine 524 
residues could be good candidates for targeting by S-glutathionylation upon oxidative 525 
stress. We chose five of them to mutate to serine and purified the mutant recombinant 526 
proteins. Two of them (C363S and C372S) showed almost no deacetylase activity in 527 
vitro. Cysteine 363 is located next to the catalytic H364 residue, and C372 is involved 528 
in Zn2+ binding. In both cases, the purified enzymes were quite unstable. Such 529 
instability was higher in C372S, probably due to the structural role of Zn2+, in 530 
agreement with published reports in Plasmodium falciparum Sir2 [62]. Addition of Zn2+ 531 
to the mutated enzyme neither restored its catalytic activity nor improved its stability, 532 
perhaps due to inability to retain Zn2+. Both C464 and C469 are at the catalytic domain 533 
and could be part of a putative NES. Thus, they were possible candidates to redox 534 
regulation, as described for the transcription factor Yap1 [55]. Cysteine 513, also at the 535 
catalytic domain, is one of the 20 amino acids involved in ligand protein interaction. 536 
Thus, C513 located in the pocket that contains the active site, but not excessively 537 
buried, was a perfect candidate to act as a regulatory redox cysteine (Fig. 7). All five 538 
mutant recombinant proteins showed decreased glutathionylation upon diamide stress 539 
compared to WT Sir2; however, the decrease was greater in C363S, C469S and 540 
especially C513S. In vivo, Sir2 mutant strains (C363S, C469S and C513S) expressing 541 
physiological levels of Sir2 showed a phenotype similar to that of WT under non-stress 542 
conditions. However, in response to thiol-stressing agents, Sir2 inactivation was 543 
partially prevented compared to WT cells, resulting in increased resistance to such 544 
stressors. 545 
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In zebrafish and mouse SirT1, several cysteines have been identified as S-546 
glutationylation targets, mostly located in the catalytic domain and in close proximity to 547 
the binding site of the cofactor NAD+. None of these cysteine residues is conserved in 548 
yeast (Supplementary Fig. S8). However, it seems that any cysteine residue located at 549 
the NAD+-binding pocket could be modified by S-glutathionylation (Supplementary Fig. 550 
S9). Our results seem to indicate that C469 and especially C513 in yeast Sir2 could be 551 
the best candidates for regulation by glutathionylation (Fig. 7). To identify such 552 
glutathionylation, several proteomic approaches were applied. Unfortunately, both 553 
C469 and C513 were located in tryptic peptides that could not be detected (even 554 
under control conditions) by different mass spectrometry techniques. Although C363 –555 
next to the catalytic H364– may also be accessible to such reversible modification, it is 556 
most buried inside the catalytic pocket compared to C469 and C513. Indeed, C363 –557 
located in a large tryptic peptide containing two more cysteines– was detected by 558 
proteomic techniques only as unmodified. It is possible that mutation of C363 might 559 
produce a structural change in the protein, reducing glutathionylation of C469 or C513. 560 
Thus, we hypothesize that upon disulfide stress, S-glutathionylation of cysteine 561 
residues (C469 and C513) inactivates Sir2. Such oxidation might be reduced by 562 
monothiol Grx3 and Grx4, restoring silencing activity. Inability to glutathionylate Sir2 by 563 
mutation of one of those cysteines prevents enzyme inactivation, resulting in cells with 564 
increased resistance to thiol-stressing agents. Such stress resistance might be 565 
explained by the functional interplay between Sir2 and the forkhead (Fkh) family of 566 
transcription factors. In yeast, the Fkh factor Hcm1 promotes mitochondrial biogenesis 567 
and stress resistance, and the nuclear localization of Hcm1 depends on Sir2 activity 568 
[33]. In addition, Fkh1 and Fkh2 associate with Sir2 to control gene transcription under 569 
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normal and oxidative stress conditions [34]. Thus, Sir2 may modulate Fkhs regulating 570 
finally stress resistance. 571 
 572 
 573 
5. Conclusions 574 
In this study, we have provided evidence that yeast Sir2 activity is post-translationally 575 
regulated by reversible S-glutathionylation, with monothiol Grx3 and Grx4 acting as the 576 
physiological thiol-reductases. This new function is independent of the described role 577 
of Grx3/4 in iron metabolism. Our study also provides evidence that the redox state of 578 
key cysteine residues of Sir2 regulates yeast resistance in response to disulfide stress, 579 
which may have a role in aging and age-related diseases. 580 
  581 
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Figure legends 817 
 818 
Fig. 1. S-glutathionylation of Sir2 regulates catalytic activity and can be reduced 819 
in vitro by Grx3 and Grx4. 820 
(A) Deacetylase activity of 5 µg (1.5 µM) of purified WT Sir2 or catalytically inactive 821 
mutant Sir2-H364Y was measured. The assay was performed with or without addition 822 
of 25 mM DTT or 50 mM GSH to the purified protein and incubated for 10 min. The 823 
data are represented as the means ± SD from three independent experiments. (B) 824 
Deacetylase activity of 5 µg of purified WT Sir2 (1.5 µM) was measured after treatment 825 
with different concentrations of H2O2 for 10 min. Catalase (5 µl of 0.4 units/µl) was 826 
added to stop reaction. When indicated, 25 mM DTT or 50 mM GSH were added after 827 
oxidation and incubated for additional 10 min before activity was measured. (C) 828 
Deacetylase activity of 5 µg of purified WT Sir2 (1.5 µM) was measured after treatment 829 
with different concentrations of diamide plus 100 µM GSH. When indicated, 25 mM 830 
DTT or 50 mM GSH were added after oxidation and incubated for additional 10 min 831 
before activity was measured. (D) Purified Sir2 (5 µg - 1.5 µM) was treated with 832 
diamide at the indicated concentrations (plus 100 µM GSH) for 10 min and Western 833 
blot anti-GSH to detect S-glutathionylation was performed after separation by non-834 
reducing SDS-PAGE. Levels of Sir2 were checked with an antibody anti-Sir2. (E) 835 
Recombinant Sir2 (5 µM), previously S-glutathionylated with Di-Eosin-GSSG as 836 
described in Materials and Methods, was incubated without (control) or with Grx3 or 837 
Grx4 (12.5 µM, 2.5 fold concentration) for 0, 15, 30 or 60 min and applied to a non-838 
reducing SDS-PAGE. Glutathionylated Sir2 was shown by fluorescence detection and 839 
total Sir2 analyzed by Western blot anti-Sir2. (F) Relative levels of S-glutathionylated 840 
Sir2 (Sir2-SG) versus total protein (Sir2) were quantified. Control (black bars), Grx3 841 
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added (grey bars), Grx4 added (white bars). *P < 0.05, **P < 0.01. Assuming fully 842 
monoglutathionylated Sir2 at time zero, estimated kinetics would be 5.6 x 10-5 s-1. (G-I) 843 
Recombinant Sir2 (5 µM), previously S-glutathionylated with Di-Eosin-GSSG, was 844 
incubated with Grx3 or Grx4 (12.5 µM, previously treated with iodoacetamide –IAA-) 845 
(G), mutant Grx3-C211S (12.5 µM) (H), and 1 mM or 3 mM GSH (I) for 0, 15, 30 or 60 846 
min and applied to a non-reducing SDS-PAGE. Glutathionylated Sir2 was shown by 847 
fluorescence detection and total Sir2 analyzed by Western blot anti-Sir2.  848 
 849 
Fig. 2. Monothiol Grx3 and Grx4 are involved in maintaining the redox state of 850 
Sir2 and its activity. 851 
(A) Cultures of WT, Δgrx3, Δgrx4, and Δgrx3Δgrx4 were grown in YPD and treated 852 
with 4 or 5 mM diamide for 1h, TCA was added to the culture and free thiols modified 853 
by reaction with AMS. Samples were separated by SDS-PAGE under reducing 854 
conditions, and Sir2 detected by Western blot analysis. (B) Cultures of WT, Δgrx3, 855 
Δgrx4, Δgrx3Δgrx4, Δgrx2, and Δgrx5 were grown in YPD and cells were digested with 856 
nitric acid and total iron indicated with respect to WT strain. (C) Cultures of 857 
Δgrx3Δgrx4 were grown with different concentrations of the iron chelator BPS and total 858 
iron measured with respect to WT cells. (D) The same experiment described in A was 859 
repeated with Δgrx3Δgrx4 cells grown in YPD with or without 70 µM BPS. (E) Cultures 860 
of WT and Δgrx3Δgrx4 exponentially grown in YPD (or YPD plus 70 µM BPS) were 861 
treated with 4 or 5 mM diamide for 30 and 60 min and expression of the telomere-862 
linked gene YFR057W was determined by quantitative real time-PCR. ACT1 gene 863 
expression was used as an internal control to normalize expression levels. *P< 0.05; 864 
**P< 0.01. (F) Sir2 was immunoprecipitated (IP) with anti-Sir2 antibody from both WT 865 
and Δsir2 cells (unstressed or treated with 5 mM diamide for 1 h) and samples were 866 
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applied to a non-reducing SDS-PAGE. Glutathionylation of Sir2 was shown by 867 
Western blot anti-GSH and amounts of immunoprecipitated Sir2 were assessed by 868 
anti-Sir2.  869 
 870 
Fig. 3. Grx3 and Grx4 regulate reduction of Sir2 after thiol oxidation. 871 
Cultures of WT, Δgrx3, Δgrx4, and Δgrx3Δgrx4 grown in YPD were treated with 5 mM 872 
diamide for 1h, washed and new media added to allow recovery for 0, 1 and 2h. (A) 873 
TCA was added to the culture and free thiols modified by reaction with AMS. Samples 874 
without AMS are also shown. Samples were separated by SDS-PAGE under reducing 875 
conditions and Sir2 detected by Western blot analysis. (B) Cultures exponentially 876 
grown in YPD (WT strain) or YPD plus 70 µM BPS (Δgrx3Δgrx4 strain) were treated 877 
with 5 mM diamide for 60 min, washed and new media added to allow recovery for 0, 878 
60 and 120 min. Expression of YFR057W gene was determined by quantitative real-879 
time PCR. ACT1 gene expression was used as an internal control to normalize 880 
expression levels. Results are expressed as the ratio of values from diamide-treated 881 
versus untreated cells. *P < 0.05, ***P < 0.005. (C) Sir2 was immunoprecipitated (IP) 882 
with anti-Sir2 antibody from WT cells. Ctr: control cells (unstressed); 0: cells treated 883 
with 5 mM diamide for 60 min with no recovery; 120´: cells treated with 5 mM diamide 884 
for 60 min, washed and new media added to allow recovery for 120 min. IgG was used 885 
(instead of anti-Sir2) as a negative control. Samples were applied to a non-reducing 886 
SDS-PAGE. Glutathionylation of Sir2 was shown by Western blot anti-GSH and 887 
amounts of immunoprecipitated Sir2 were assessed by anti-Sir2.  888 
 889 
Fig. 4. Grx3 and Grx4 interact with Sir2. 890 
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(A) Sir2 was immunoprecipitated (IP) with anti-Sir2 antibody from exponential WT, 891 
tetGRX3-HA or tetGRX4-HA cells grown in YPD medium. IgG was used (instead of 892 
anti-Sir2) as a negative control. The immune complexes were checked by Western 893 
blot with anti-HA. Amounts of immunoprecipitated Sir2 were assessed by anti-Sir2. (B) 894 
Endogenous levels of Grx3 and Grx4 were detected with anti-grx3/4 antibody. (C) Sir2 895 
was immunoprecipitated from WT cells (control or treated with 5 mM diamide for 60 896 
min) and the immunocomplexes were checked for the presence of Grx3 and Grx4 by 897 
anti-Grx3/4 Western blot.  898 
 899 
Fig. 5. Oxidation decreases catalytic activity and induces S-glutathionylation at 900 
several specific cysteine residues. 901 
(A) Schematic representation of SirT1 indicating the relative positions of mutated 902 
cysteine residues. His364 is the catalytic residue. NES? indicates a putative nuclear 903 
export signal, according to NESbase 1.0 software. (B) Deacetylase activity of purified 904 
WT and mutated Sir2 recombinant proteins (1.5 µM) were analyzed. (C) Deacetylase 905 
activity of purified Sir2, Sir2-C464S, Sir2-C469S, and Sir2-C513S (1.5 µM) was 906 
measured without (black bars) or with (grey bars) incubation with 100 µM diamide plus 907 
100 µM GSH for 10 min. (D) S-glutathionylation of WT and mutant Sir2 proteins (5 µg 908 
– 1.5 µM) was detected by Western blot anti-GSH after separation by non-reducing 909 
SDS-PAGE before and after incubation with 100 µM diamide plus 100 µM GSH for 10 910 
min. Levels of Sir2 were checked with anti-Sir2 antibody. (E) Relative levels of S-911 
glutathionylated Sir2 (Sir2-SG) vs. total Sir2 protein were quantified from (D). The data 912 
are represented as the means ± S.D. from three independent experiments. 913 
 914 
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Fig. 6. Mutant Sir2 strains showed increased resistance to disulfide stress and 915 
increased rDNA silencing. 916 
(A) WT, C363S, C469S and C513S strains were grown to exponential phase in YDP. 917 
Expression of YFR057W gene was determined by quantitative real-time PCR before 918 
and after treatment with 5 mM diamide for 60 min. ACT1 gene expression was used as 919 
an internal control to normalize expression levels. Results are expressed as ratio of 920 
diamide-treated vs. untreated cells. *P< 0.05; **P< 0.01. (B) Growth curves of WT, 921 
C363S, C469S, and C513S strains were measured when grown in YPD medium 922 
without or with 2 mM diamide or 1.5 mM DEM. The data are the averages of two 923 
independent experiments. (C) Viability of WT, C363S, C469S and C513S cells was 924 
measured by plating serial dilutions (1:5) in YPD plates without or with diamide (2 mM 925 
or 2.3 mM) or DEM (3 mM). 926 
 927 
Fig. 7. Three-dimensional structure of the catalytic pocket of Sir2. 928 
(A) Ribbon representation of Sir2 (PDB: 2HJH) with two products of the reaction, 929 
nicotinamide and acetyl-ribosyl-ADP. Catalytic histidine residue (H364, red) and all 930 
cysteine residues present in the zoomed area (C363, C469 and C513, yellow) are 931 
displayed. (B) Surface representation of the same area shown in panel A. The same 932 
color code is used (H363, red; cysteine residues, yellow). C513 is clearly solvent-933 
exposed and may therefore be prone to oxidation. Molecular graphics were performed 934 
with the UCSF Chimera package [63]. 935 
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Supplementary Table S1. Yeast strains used in this work 
Strain Relevant genotype Source 
CML128 MATa ura3-52 his4 leu2-3,112 trp1 [1] 
MML44 CML128 grx2::LEU2 [2] 
MML405 CML128 grx3::natMX4 [3] 
MML406 CML128 grx4::kanMX4 [3] 
MML19 CML128 grx5::kanMX4 [2] 
MML449 CML128 grx3::natMX4  grx4::kanMX4 [3] 
MML594 tetO7-GRX3-3HA [3] 
MML674 tetO7-GRX4-3HA [3] 
MML2045 W303 trx1::natMX4  trx2::kanMX4 Dr. Herrero (UdL) 
NVLL4 CML128 sir2::natMX4 This work 
NVLL5 NVLL4 [pNVLL2(SIR2 C363S)]::LEU2 This work 
NVLL6 NVLL4 [pNVLL3(SIR2 C469S)]::LEU2 This work 
NVLL7 NVLL4 [pNVLL4(SIR2 C513S)]::LEU2 This work 
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Supplementary Table S2. Primers used in this study 
 
Table S2A. Primers used for recombinant Sir2 proteins* 
Amino acid 
subtitution 
Nucleotide 
changed
Primers 
C363S T1087A F: 5'- CAGATAAACTGGTGCAGAGCCATGGCTCTTTTGCT -3' 
  R: 5'- AGCAAAAGAGCCATGGCTCTGCACCAGTTTATCTG -3' 
C372S T1114A F: 5'- TTTTGCTACTGCCACCAGCGTTACCTGCCATTG -3' 
  R: 5'- CAATGGCAGGTAACGCTGGTGGCAGTAGCAAAA -3' 
C464S G1391C F: 5'- AGAGCATTCGCGAAGATATCTTAGAATCTGATTTGTTGATTTGC -3' 
  R: 5'- GCAAATCAACAAATCAGATTCTAAGATATCTTCGCGAATGCTCT -3' 
C469S T1405A F: 5'-CGAAGATATCTTAGAATGTGATTTGTTGATTAGCATTGGGACAAGTTT-3' 
  R: 5'-AAACTTGTCCCAATGCTAATCAACAAATCACATTCTAAGATATCTTCG-3'
C513S G1538C F: 5'- GATTTATCTCTTTTGGGGTACTCTGATGACATTGCAGCTATG-3' 
  R: 5'- CATAGCTGCAATGTCATCAGAGTACCCCAAAAGAGATAAATC -3' 
 
 
Table S2B. Primers used for Sir2 mutant strains* 
Amino acid 
subtitution 
Nucleotide 
changed 
Primers 
C363S T1087A F: 5’-AGCCATGGCTCTTTTGCTACTGCCACC -3’ 
  R: 5’- CTGCACCAGTTTATCTGTGCTTATTCC -3’ 
C469S T1405A F: 5’- AGCATTGGGACAAGTTTAAAAGTAGCG -3’ 
  R:5’- AATCAACAAATCACATTCTAAGATATC -3’ 
C513S G1538C F: 5’-TCTGATGACATTGCAGCTATGGTAGCC -3’ 
  R: 5’- GTACCCCAAAAGAGATAAATCAAATTC -3’ 
 
* F: Forward; R: Reverse. Red, mutated codon. Underlined, mutated base. 
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Grx4: 27.5 kDa). (E) Recombinant Sir2, previously reduced, was incubated with 50 
mM sodium phosphate buffer, pH 6.5 (lane 2) or 4-fold molar excess of Di-Eosin-
GSSG (lane 3) for 30 min at 25ºC and applied to a non-reducing SDS-PAGE. 
Glutathionylated Sir2 was shown by fluorescence detection and total protein by 
Coomassie blue stain. Lane 1: protein standard.  
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zebrafish [6]; green, SirT1 from mouse [7]. Cysteine residues (C363, C372, C464, 
C469 and C513) from yeast Sir2 analyzed in this work are red colored. Position of 
all colored cysteines is indicated with an arrowhead. Open circle, cysteine residue 
described to be deglutathionylated by zfGrx2 [6]. Open rectangles, conserved 
cysteine residues involved in Zn binding. E7F8W3 is the uncharacterized protein 
produced by SIRT1 gene from zebrafish (Danio rerio). 
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